Zn at a cellular level. Images were acquired in the rat hippocampus (n=23) and using two injection routes: intra-cerebral (MnCl 2 : 50 mM, 10 µL) and intra-peritoneal (MnCl 2 : 100mM, 30mg/kg). For both injection routes, Mn is found in dentate gyrus and in CA3: control: 2.5 ± 1.6, intra-peritoneal: 5.0 ± 2.4, and intra-cerebral: 25.1 ± 9.2 µg/g. Mn follows Zn distribution and has a negative impact on the total amount of Zn and Fe. The Mn-induced MRI contrast is well correlated with the total Mn amount measured with SR-XRF (R²=0.93; p<0.002). After intra-cerebral injection, the hippocampal fissure is found to accumulate a large amount of Mn and yields a hypointense MRI signal, which may be ascribed to a reduction in T2. This study shows that SR-XRF is well suited to investigate Mn distribution at a mesoscale and that MRI is sensitive to low Mn concentrations. As perturbations in metal homeostasis may alter brain function, the dose of injected Mn in MEMRI studies need to be carefully adjusted to obtain reliable functional information.
INTRODUCTION
Manganese (Mn) is an essential metal for brain functions (M Aschner et al. 2006a ). It is a cofactor of several enzymes like the anti-oxidant enzyme superoxide dismutase or enzymes involved in neurotransmitter synthesis. Mn is also essential to process amino acid, lipids, proteins and metabolites such as dopamine and serotonin (Golub et al. 2005) . Recently, Mn has become an important contrast agent used in magnetic resonance imaging (MRI). The technique is generally termed manganese enhance MRI (MEMRI) (Pautler 2004) . Like gadolinium, Mn is paramagnetic and thus decreases T 1 and T 2 relaxation times. Mn 2+ is a calcium analogue and is able to enter neurons through voltage dependant Ca 2+ channels (Narita et al. 1990 ). It can then be transported along axon and can cross synapses (Pautler 2004) . These properties make Mn 2+ a unique contrast agent for tracing neuronal connections, functional studies or enhance brain cytoarchitecture (Pautler 2004) . This technique has been used to study several neuronal pathologies like epilepsy (Hetherington 2009 ), stroke (Aoki et al. 2003) , Alzheimer disease (K. D. B. Smith et al. 2007 ) and ageing (Minoshima & Cross 2008) .
Unfortunately, at high levels, Mn is toxic for the central nervous system. In human workers, Mn intoxication caused psychiatric and motor disorders. This disease, known as manganism, is characterized (Stredrick et al. 2004; Josephs et al. 2005) . At a cellular level, an exposure to Mn induces mitochondrial disruption (Malecki 2001; Zwingmann et al. 2004; Malthankar et al. 2004) and modifies the homeostasis of other elements such as Fe 2+/3+ and Ca 2+ (Fitsanakis et al. 2010; Drapeau & Nachshen 1984; Kwik-Uribe et al. 2003) .
Given the known potential toxicity of Mn that can affect the brain structures under study and given the high interest of MEMRI to study neurodegenerative diseases, the question of the cellular distribution of Mn in the brain after a Mn injection should be addressed (Michael Aschner et al. 2007 ). Little work have been done to determine the Mn concentration in animal and human brains (endogenous or after Mn injection/inhalation) (Bonilla et al. 1982 ; J. F. Liu et al. 2000; Yasui et al. 1995; Tracqui et al. 1995) but to our knowledge the distribution of Mn ion at a cellular level has not been reported. Radioactive approaches using 54 Mn have a rather limited spatial resolution and do not provide Mn concentration (Gallez et al. 1997; Sloot & Gramsbergen 1994) . Classical microscopy approaches can displace the Mn ion (during steps such as rinsing) and others techniques like inductively coupled plasma mass spectrometry provide bulk Mn concentration in brain homogenates. After systemic injection, Mn accumulates particularly into the hippocampus, but also in several other brain structures, as described by Mok et al. (Mok et al. 2011) . In this study, we use synchrotron X-ray fluorescence microprobe (SR-XRF) to map ex vivo the tissular distribution of Mn and other elements throughout the rat hippocampus.
Data are compared to in vivo MEMRI to evaluate the possible influence of the injection route on the Mn distribution; systemic (intraperitoneal) and local (intrahippocampal) injections were investigated.
METHODS
A total of twenty-three female 3-month-old Sprague-Dawley rats (230 ± 11g, Charles Rivers, France) were used. All experiments were approved by the local ethic committee and were in full compliance with the guidelines of the European community (EUVD 86/609/ EEC) for the care and use of the laboratory animals.
Efforts were made to limit the number of animals used. All procedures were performed under isoflurane (IsoFlo, Axience, France) anesthesia (5% for induction, maintenance under 2.5 %). Rectal temperature was monitored and maintained at approximately 37 °C with a heating pad.
Surgery and tracer injection
Hydrated manganese chloride (100 mM, 30mg/Kg, MnCl 2 -4H 2 O, M1787, Sigma-Aldrich, St Louis, MO, USA) was dissolved in 400 mM bicine saline and pH was adjusted to 7.3 by adding NaOH that allow to reach physiological value of osmolarity (300 mOsm/L). Eventually, the MnCl 2 solution was filtered through 0.2 µm membranes. Two administration routes were considered:
Intraperitoneal (IP) injection rats received an injection of MnCl 2 solution (100mM, 30mg/kg) (n=5) or vehicle solution (n=5).
Intracerebral (IC) injection: 10µL of MnCl 2 (50 mM) (n = 5) or NaCl (n = 5)
were stereotaxically injected. The animals were placed in a stereotaxic frame and xylocain (Vétoquinol, France) was applied prior to the scalp incision. Bregma, the sagittal suture, and the surface of the brain were used as references for anteriorposterior (-3.24mm), lateral (-1.2mm) and ventral (-4.0mm) coordinates, respectively.
The skull was perforated over the dentate gyrus (DG) in the right dorsal hippocampus, based on stereotaxic coordinates (Paxinos & Watson 2004) (Fig 1A) .
A 32 gauge Hamilton syringe needle was inserted 4.0 mm beneath the meninges surface and MnCl 2 was pressure injected syringe was left in place for 10 minutes and was retracted stepwise to prevent leakage of the tracer along the needle track. The wound was disinfected with Vetadine (Vétoquinol, France) and sutured. To control for the spatial accuracy of the IC injection, three additional animals were injected with Indian ink instead of MnCl 2 solution and were subsequently euthanized for histological analysis (Fig 1B) .
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In vivo MRI
For both injection routes, MRI was performed 24h after MnCl 2 injection. The animals were placed in a dedicated cradle equipped with byte and ear bars.
Temperature and breath rate were monitored during the acquisition. Experiments were carried out in a horizontal 7T MRI system (Avance III, Bruker, Ettlingen, Germany) using a surface/volume cross coil configuration. 
MRI data analysis
MRI data were analyzed using software developed in the Matlab environment (Mathworks, Natick, MA, USA). T 1 maps were derived by fitting to the saturationrevovery data a two-parameter monoexponential recovery function using a non-linear fitting algorithm. T 1 values were eventually converted to Mn concentrations as described in Silva et al. 2004 and using a Mn relaxivity r 1 of 6.7 mMol 
SR-XRF data analysis
Experiments were carried out at the European Synchrotron Radiation Facility (ESRF) ID22 microprobe end-station (Bohic et al. 2012) . The X-ray energy was set to 14.4 keV using a Si (111) double crystal fixed-E/E ). The high-intensity focused X-ray beam that impinges onto the sample causes elements to fluoresce with a characteristic energy signature. X-ray fluorescence analysis allow quantitative multielemental analysis, imaging capabilities with little radiation damage.
The X-ray beam was 2 spot (vertical × horizontal) with a s/pixel.
The resulting elemental images were normalized to the incident flux. X-ray fluorescence spectra were evaluated with PyMca software that allows calculation of elemental concentrations within a sample from the registered X-ray fluorescence spectra (Sole et al. 2007) . A NIST standards reference materials SRM1577b bovine liver (NIST, Gaithersburg, MD) was used to calibrate experimental parameters. The concentration of P, S, K, Ca, Fe, Cu, Zn and Mn were calculated assuming a tissue section of 20 µm and a matrix density of 1g/cm 3 . The rat tissue cryosections met the elemental maps were manually aligned over a rat brain atlas (Paxinos & Watson 2004 ). Due to time constraints, two types of field of view (FOV) were used: a large FOV covering the entire hippocampus or a reduced FOV centered over the CA3/DG area. Concentrations, expressed in ppm (µg/g dry weight), were measured from two manually selected zones: the CA3/DG (Table 1 ) and the hippocampal fissure (HF) ( Table 2) as shown from the Zn distribution map (Fig 2) . The concentration in mM were derived from the concentration (mass fraction dry weight), assuming a matrix density equal to that of water. Sulfur was used as proxy for proteins ( 
Statistical analysis
Results are expressed as mean ± standard deviation (SD). The following comparisons were made:
-The MEMRI contrast between IC and IP injected animals was compared using an unpaired t-test.
-The elemental concentrations between control, IC injected and IP injected animals were compared using an unpaired t-test.
To evaluate whether the elemental concentration of Mn assessed by SR-XRF is a predictor of the MEMRI SNR, the Pearson correlation coefficient was computed.
A p value < 0.05 was considered as significant.
RESULTS

Distribution of Mn in the rat hippocampus after MEMRI
Twenty-four hours after IP injection of MnCl 2 , MRI images revealed an excellent cytoarchitectonic contrast in regions such as the hippocampus (CA3/DG and CA1/2), pituitary gland, cerebellum and olfactory bulbs, as previously reported (Aoki et al. 2004 ) Fig 3. Insert Figure 3 The IC injection of Mn into the right DG increases the MRI contrast in the brain and particularly in the hippocampus (Watanabe et al. 2004 ). The MEMRI contrasts in the hippocampus, observed 24h after MnCl 2 injection are, 11.1 ± 3.8 in DG/CA3, 9.5 ± 2.4 in CA1/2, and 6.9 ± 2.1 in HF after IC injection of Mn and 6.0 ± 2.1 in DG/CA3, 5.0 ± 1.8 in CA1/2, and 4.0 ± 1.6 in HF after IP injection. Note that the variability on MEMRI contrast is below 20 % across all areas and injection routes, suggesting a good reproducibility (Fig 4) .
After IP injection, the T1-weighted SNR is significantly enhanced in all ROIs (81 % in CA3/DG, 69 % in CA1/2, and 56 % in HF). The SNR is further enhanced after IC injection (242 % in CA3/DG, 204 % in CA1/2,and 157 % in HF) (Fig 4) . Overall, the largest MEMRI contrast is in the DG/CA3 for both injection routes.
Insert Figure 4 The MEMRI images obtained for control, IP and IC injected animals and the Mn, Ca, Zn and Fe SR-XRF maps from the corresponding cryosections are shown in Fig. 6A and Fig. 6B , respectively. In the control group, the SR-XRF signal of Mn is barely observable and is mainly located within the DG region (Fig 6B) . The presence of Cr or Ni associated to some Mn hotspots (data not shown) allows assigning them to unavoidable contaminants that originated from the sectioning process. A faint increase in the Mn signal is observed in the hippocampus 24 h after IP injection. The highest levels of Mn are found in the CA3/DG area. After IC injection, Mn is also found in CA3/DG and in the HF.
Insert Figure 5 The CA3/DG is mainly composed of neuronal cellular bodies while the HF is composed of astrocytes (Fig 5) . Note that the IC injection of Mn led to a hyper GFAPdensity in the hilus of DG and in the HF. The Zn distribution follows the hippocampal mossy fibers, in agreement with literature (Haug 1967) . 24-h after injection, the SR- 2.0 ± 0.9 to 3.0 ± 2.7 µg/g (0.036-0.055 mM) for the control and IP groups, respectively (Tables 1 and 2 ).
Using MRI, a higher Mn concentration is found in the injected CA3/DG area (0.55 ± 0.06 mM) than in the corresponding contralateral area (0.30 ± 0.10 mM). The same is observed for the CA1/2 area (injected side: 0.55 ± 0.01 mM; contralateral side: 0.35 ± 0.13). In the HF, the Mn concentration is 0.48 ± 0.01 mM in the injected side and 0.37 ± 0.14 mM in the contralateral side. For control rats, there is a low Mn concentration in all areas: 0.03 ± 0.01 mM in the CA3/DG, 0.03 ± 0.01 mM in the CA1/2, and 0.03 ± 0.01 mM in the HF for both hemispheres (data not shown).
3. Zinc, calcium and iron distribution and concentration in the hippocampus after MEMRI
As shown in Figure 6 , the Zn distribution revealed by SR-XRF microscopy follows the hippocampal mossy fibers which project from dentate granule cells to the hilus and to the CA3. The iron elemental map shows large hotspots, which can be assigned to contaminants from sectioning and mainly from residual blood (unperfused animals). If one excludes these hotspots, iron is found to follows the cell 6B). The calcium distribution within the hippocampus cryosections is diffuse and at a low level.
The amounts of Zn (46.9 ± 4.4 µg/g) and Fe (23.8 ± 5.9 µg/g) in IP injected animals are significantly decreased compared to that of control animals (55.0 ± 8.6
µg/g and 36.4 ± 13.7 µg/g, respectively) in the CA3/DG areas ( Table 1 ). The IP injection of MnCl 2 does not modify the amount of metals in the hippocampal fissure (Table 2) . After IC injection of MnCl 2 , the amounts of Zn (40.5 ± 4.6 µg/g) and Fe
(20.6 ± 1.9 µg/g) in the CA3/DG are also smaller than in control animals. In the HF, the variability on the results was higher due the small number of samples. The concentration of the other elements was found similar after IP Mn injection in the HF except for a non significant decrease in Fe. Elements are more affected by IC injection of Mn compared to control (105 ± 28.3 µg/g and 2.0 ± 0.9 µg/g respectively for Mn concentration) in the CA3 and DG (Table 1) . A similar decrease in Zn and Fe is observed in the HF (Table 2) .
Insert Figure 7 
DISCUSSION
In this study, we characterize the hippocampal distribution of Mn after IP and IC administrations using a unique combination of MR and SR-XRF imaging. After IP injection, the distribution of total Mn in the hippocampus as determined by SR-XRF is in good agreement with the signal enhancement observed with T 1 -based MRI. After IC injection, we show using SR-XRF that astrocytes found in the HF store massively
Mn while a hypointense signal is found with MRI. For both injection routes, SR-XRF also indicates that Mn has a negative impact on the total amount of Zn and Fe in the hippocampus in our experimental conditions.
Manganese is an essential element tightly regulated and found at low level in tissues like the central nervous system (Michael Aschner & Dorman 2006). Bonilla et al..reported a Mn concentration in the range of 1 to 4.2 µg/g dry weight for the human
hippocampus (Bonilla et al. 1982) . In rat hippocampus, the physiological Mn concentration estimated by SR-XRF was 2.5 ± 1.6 µg/g dry weight in the CA3/DG area and 2.0 ± 0.9 µg/g dry weight in the HF. Experimental data on the Mn concentration within rat hippocampus are scarce. Kemp and Dansher reported elemental concentrations in 1-mm thick sections of non-fixed hippocampus tissue of 3.8 µg/g dry weight using particle-induced X-ray emission spectroscopy (Kemp & Danscher 1979) . ICP-MS bulk measurements on excised entire hippocampus show a
Mn content between 0.6 and 0.84 µg/g wet weight (Tarohda et al. 2005; Bock et al. 2008a) . These values can be converted to dry weight assuming a 80% water content of the brain tissue (Barbier et al. 2005) . This leads to Mn concentrations in the range of 3 to 4.2 µg/g dry weight. These measurements, obtained on the whole hippocampus, are in good agreement with our results on CA3/DG and HF regions. .Kg.) compared to 105.0 µg/g dry weigh after an IC injection (i.e. 1.91 mM) as determined by SR-XRF. This large interval is due to large uncertainty on the Mn relaxivity in tissues ).
Recently, Schmitt et al. shows the unidirectional blood-to-CSF transport of Mn across the choroid plexuses linking the systemic exposure to manganese with the spreading pattern of manganese accumulation observed in brain imaging (Schmitt et al. 2011) .
Our work presented here shows quantitatively that manganese uptake in hippocampus, although several times higher than physiological level, remains at a low level in the low tenth ppm range and indicate a relatively high sensitivity of MEMRI. The Mn 2+ ions, known to enter neuronal cells, can target intracellular compartments and bind to proteins. This behavior may contribute to enhanced intracellular proton relaxivity (Nordhøy et al. 2003 ) and thereby to enhanced MR sensitivity.
From a spatial point of view, the two techniques yield comparable contours for the enhanced areas, despite the much lower spatial resolution of MRI. After IP injection, the SR-XRF images show a diffuse Mn distribution in the hilus of the DG and follows axons projection (mossy fibers) to the CA3. These distributions of Mn parallel those of Zn, as depicted by SR-XRF. Furthermore, the free pool of Zn 2+ in hippocampus is localized in the synaptic vesicles of mossy fibers (MF) which project to the DG (Frederickson 1989) . After IP injection, the level of Mn is higher in DG/CA3 area than in the HF. Moreover, there seems to be a decreasing Mn concentration gradient from DG to CA3. This is consistent with an arrival of Mn via the ventricles (Aoki et al. 2004 ) as the DG is located near the third ventricle. After IC injection, Mn diffuses through the interstitium and is thus available to a larger number of hippocampic structures. The DG and CA1 regions are separated by GFAP-positive cells that populate the HF where the hippocampal blood vessels penetrate the hippocampus (Sievers et al. 1992) . This is consistent with the higher amount of Mn found in the HF compared to values in the CA3/DG and also with the previously reported ability of astrocytes to accumulate Mn and detoxify brain (Vezér et al. 2007) . We evidenced hyper GFAP-density (astrogliosis) in the HF after IC injection and in the hilus of DG as previously reported (Vezér et al. 2007 ). Importantly, in our experimental conditions, the levels of Mn were not high enough to induce neuronal death. Although it appears not detrimental to the Mn 2+ enhanced cytoarchitecture, it may compromise the use of MEMRI for tract tracing or functional imaging.
There are some limitations in comparing the results from the two techniques used in this study. With MRI, changes in Mn concentration were derived from T 1 -weighted signals. These changes are not linearly related to the Mn concentration and depends on the Mn relaxivity in tissue which is not clearly determined ).
Indeed, the relaxivity is subject to change that is dependent on the molecular form of Mn in tissues that makes difficult quantification of the Mn content. Conversely, the SR-XRF signal can be considered as linearly dependent on the absolute number of analyte atoms; inter-element matrix effects (self-absorption, enhancement or secondary emission) being neglected in the case of very thin tissues sections used in the present study (Janssens et al. 2000 ), (Sotak et al. 2008; Silva et al. 2004 ) only while SR-XRF yields the total Mn content. MRI signals were collected in vivo from a 1-mm thick slice while a dried, 20-µm thick, cryosection was observed with SR-XRF. This large volume probe by MRI also explains the very good sensitivity of the MEMRI. The reproducibility of the two techniques was also different.
The variability on the T1w contrast 24h after Mn injection was between 13 and 20%
for the three hippocampal areas, suggesting a good reproducibility of the MEMRI protocol. For the SR-XRF, the variability on the Mn concentration was between 27
and 90 %. These large variations may be ascribed to various experimental factors.
First, we assume a constant density and thickness for the brain tissue but this areal mass may vary locally. Second, and most importantly, the small number of animals analyzed with SR-XRF contributes to these large statistical variations. However, given the extremely high sensitivity and specificity of synchrotron measurements, as well as practical constraints on access to these large scale facilities, sample numbers in synchrotron studies typically range from one to five tissues sections per cases.
Manganese is known to have high affinity for Ca, iron and zinc (Michael Aschner & Dorman 2006; M Aschner et al. 2006b ). Mn 2+ ions is a Ca analog that enter excitable cells through voltage-gated Ca 2+ channels (Narita et al. 1990 ) and is expected to alter Ca homeostasis. Recently, Eschenko et al. showed that systemic administration of MnCl 2 in MEMRI had no behavioral, electrophysiological and histopathological consequences on rat brain (Eschenko et al. 2010) . This is further supported by our As mentioned above, the Mn distribution follows that of Zn, a reporter of mossy fibers (Nairismägi et al. 2006) . High content and expression of Zinc transporter 3 were reported in the hippocampus but also in the cortex (Shen et al. 2007) . It is tempting to speculate that Zinc transporter 3 could play a role in Mn uptake in the hippocampus and that Mn could compete with Zn being sequestered in Zn 2+ synaptic vesicles. To our knowledge, a competition between Zn and Mn for these transporters has not been reported. Furthermore, the spatial resolution of the SR-XRF used in this study is not appropriate to identify the potentially cellular and sub-cellular targets of Mn after a systemic administration. Further dedicated studies combining electron microscopy and synchrotron nanoprobe will be necessary to identify the Mn targets at the ultrastructural level.
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